To fully describe the mechanisms of diastolic interaction between the right ventricle and left ventricle, it is necessary to understand how a change in right ventricular output (Q,.) is transmitted across the pulmonary circulation. This series ventricular interaction is manifest as the temporal response in left ventricular filling (Qw) to a change in QNO. To quantify series interaction we used a three-element, two-parameter model of the pulmonary circulation. The parameters represented the pulmonary arterial and venous resistance and pulmonary vascular compliance. Using beat-to-beat values of mean pressure and flow measured at the input and output of the pulmonary circulation during the transient response to caval or pulmonary artery occlusion, we estimated the parameters for this model in eight open-chest dogs under control conditions, after autonomic blockade, and after fully opening the pericardium. From 110 separate data episodes, the average values of the pulmonary arterial and venous resistance and pulmonary vascular compliance were 0.14±0.08 mm Hg * sec/ml and 4.81±3.17 ml/mm Hg (±SD). These estimates were insensitive to the simultaneous effects of autonomic reflexes and direct ventricular interaction, so they uniquely measure the bulk transport properties of the pulmonary circulation. The time constant, which measures the response of QW to a change in Q,O, averaged 0.26±0.15 second, which implies that effects of series interaction on Qw are manifest within one beat. The model was also able to predict the dynamic response of Q]1f to changes in QO. and thus can be used to measure and predict the effects of series interaction in the intact cardiopulmonary system. (Circukion Research 1990;67:1225-1237 T he cardiac chambers interact during both diastole and systole.12 During diastole, ventricular interaction has been divided into direct interaction, which is due to forces transmitted directly and instantaneously between the ventricles, and series interaction, which is due to the fact that right ventricular volume output becomes left ventricular volume input on subsequent beats. A quantitative understanding of both forms of ventricular interaction is necessary to fully predict the effects of the right ventricle (RV) on left ventricular (LV) diastolic function. Whereas models have been developed to describe the effects of direct interaction on LV function,3-5 there are no quantitative models of series interaction. Because series interaction depends on the vascular properties of the pulmonary circulation, the key to modeling its effects is to develop a quantitative description of the input-output characteristics of the pulmonary circulation that couples changes in RV output to the subsequent change in LV filling. Accordingly, we sought to develop and validate experimentally a model of the pulmonary circulation that could predict the effects of series interaction on the temporal response of beat-to-beat changes in mean LV filling to a change in mean RV output.
To fully describe the mechanisms of diastolic interaction between the right ventricle and left ventricle, it is necessary to understand how a change in right ventricular output (Q,.) is transmitted across the pulmonary circulation. This series ventricular interaction is manifest as the temporal response in left ventricular filling (Qw) to a change in QNO. To quantify series interaction we used a three-element, two-parameter model of the pulmonary circulation. The parameters represented the pulmonary arterial and venous resistance and pulmonary vascular compliance. Using beat-to-beat values of mean pressure and flow measured at the input and output of the pulmonary circulation during the transient response to caval or pulmonary artery occlusion, we estimated the parameters for this model in eight open-chest dogs under control conditions, after autonomic blockade, and after fully opening the pericardium. From 110 separate data episodes, the average values of the pulmonary arterial and venous resistance and pulmonary vascular compliance were 0.14±0.08 mm Hg * sec/ml and 4.81±3.17 ml/mm Hg (±SD). These estimates were insensitive to the simultaneous effects of autonomic reflexes and direct ventricular interaction, so they uniquely measure the bulk transport properties of the pulmonary circulation. The time constant, which measures the response of QW to a change in Q,O, averaged 0.26±0.15 second, which implies that effects of series interaction on Qw are manifest within one beat. The model was also able to predict the dynamic response of Q]1f to changes in QO. and thus can be used to measure and predict the effects of series interaction in the intact cardiopulmonary system. (Circukion Research 1990;67:1225-1237) T he cardiac chambers interact during both diastole and systole.12 During diastole, ventricular interaction has been divided into direct interaction, which is due to forces transmitted directly and instantaneously between the ventricles, and series interaction, which is due to the fact that right ventricular volume output becomes left ventricular volume input on subsequent beats. A quantitative understanding of both forms of ventricular interaction is necessary to fully predict the effects of the right ventricle (RV) on left ventricular (LV) diastolic function. Whereas models have been developed to describe the effects of direct interaction on LV function,3-5 there are no quantitative models of series interaction. Because series interaction depends on the vascular properties of the pulmonary From the Cardiovascular Research Institute, Department of Medicine, and Bioengineering Graduate Group, University of California, San Francisco, Calif.
Supported by National Institutes of Health research grant HL-25869 and training grant HL-07192 and an American Heart Association Senior Research Fellowship from the California Affiliate. circulation, the key to modeling its effects is to develop a quantitative description of the input-output characteristics of the pulmonary circulation that couples changes in RV output to the subsequent change in LV filling. Accordingly, we sought to develop and validate experimentally a model of the pulmonary circulation that could predict the effects of series interaction on the temporal response of beat-to-beat changes in mean LV filling to a change in mean RV output.
We used a three-element, two-parameter model to represent the input-output characteristics of the pulmonary circulation. This model described the beatto-beat changes in mean LV filling in response to acute changes in RV output after application and release of vena caval and pulmonary artery occlusions. The parameter estimates obtained by fitting the experimental data to this model were not affected by autonomic reflexes activated during the occlusion response or by the simultaneous effects of direct ventricular interaction. The model also predicted the beat-to-beat response of mean LV filling to random changes in RV output in separate episodes that were not used to estimate the parameters. The time constant associated with this model, which measures how quickly LV filling follows changes in RV out--~Q -*QL C FIGURE 1. Model of the pulmonary circulation used it study. C represents the total vascular compliance. The resistors have equal values, R, which represent the upst, and downstream vascular resistance relative to the locati, the vascular compliance. Mean pulmonary artery pre (PpA) and mean right ventricular output (QRv) are the inpi the model. Mean left atrial pressure (PLA) and meat ventricular filling (QLv) are the outputs. The central pre on the compliance is Pc.
put, was approximately one half the length of cardiac cycle. As a result, the effects of s( interaction on LV filling are manifest on the after the change in RV output.
Parameter Estimation p
To estimate R and C, we considered mean RV output, mean LV filling, and mean left atrial pressure as independent variables and selected the values of R and C that provided the best least-squares prediction of the measured values of mean pulmonary artery pressure.
To do the parameter estimation, we 
Pulmonary Model
After investigating several alternatives, we chose the two-parameter, single-compliance model shown in Figure 1 . Despite its simplicity, this model provided an excellent description of our data. The parameter C (ml/mm Hg) quantifies the total compliance of the pulmonary vessels. The single parameter R (mm Hg. sec/ml) quantifies the two resistances, which are assumed to be equal. The equations for this model are Ppa(k) =RQrvo(k) +Pc(k) (1) Pla(k) =P,(k) -RQ1if(k) (2) 
where Ppa and Pla are the mean pressures (mm Hg) in the pulmonary artery and left atrium, Q,. is the mean value of RV output (ml/sec), Qlf is the mean value of LV filling (ml/sec), P, is the pressure on the capacitance, C, and k is the beat number. Transient changes in these mean pressure and flow variables in response to application and release of either vena caval or pulmonary artery occlusions were used to estimate the values of the parameters R and C. The time constant, r, for the response of mean LV filling to an acute change in mean RV output is (see "Appendix") r= (RC)/2 (4) serves as a simple, quantitative measurement of the speed of series ventricular interaction.
Pc(k-1)=Pla(k-1)+RQivf(k-1) Substitute Equations 5 and 6 into Equation 1 to obtain (7) Estimates for R and C were obtained by fitting Equation 7 to the measured values of Ppa by Marquardt's method7,8 for each data episode with the SAS procedure SYSNLIN.9
To verify that this parameter estimation procedure could accurately identify the values of R and C, we incorporated the model of the pulmonary circulation in Figure 1 into a general computer model of the full cardiovascular system,10 simulated an occlusion response, and then applied the procedure just described to see if we could recover the values of R and C used to generate the simulated data. The estimates of R came within 2% and the estimates of C came within 5% of the values used to generate the simulated data. This result demonstrates that the parameter values for this model can be recovered using the experimental responses we obtained.
Experimental Methods
Surgery and instrumentation. Measurements were made in eight open-chest dogs (26±3 kg). Each dog was premedicated with morphine (1 mg/kg). Anesthesia was induced with sodium thiamylal (17.5 mg/ kg) and maintained with methoxyflurane. The dogs were ventilated with 02 and NO2 (60: 40) by a volume-controlled ventilator at 12-14 breaths/min and a tidal volume of 400-500 ml. Blood gases were monitored, and adjustments in the tidal volume were made to keep pH in the range 7.27-7.41 and PCo2 in the range 30-45 mm Hg. HCO3 was administered when necessary.
The chest was opened by median sternotomy. Hydraulic occluders were placed around the inferior R R -RV (6) and superior venae cavae near the right atrium and around the distal end of the main pulmonary artery. A 5.1-7.6-cm incision was made in the pericardium along the base of the heart to provide access to the pulmonary artery and aortic root. After instrumentation, this incision was left open. Because the ventricles were left within the otherwise intact pericardial sac, we refer to this initial condition as "pericardium partially open." Electromagnetic flow transducers (Carolina Medical Electronics, King, N.C.) were placed on the main pulmonary artery (all dogs) and the aortic root (six dogs). Prewarmed catheter-tipped pressure transducers (Millar Instrument, Houston) were inserted into the LV and RV from the femoral artery and vein, into the left atrium via the left atrial appendage, and into the pulmonary artery, distal to the occluder, via a puncture in the RV outflow tract.
LV stroke filling was calculated from the instantaneous LV volume, measured with a conductance catheter (Webster Laboratories, Baldwin Park, Calif.) introduced via the carotid artery and attached to a Leycom Sigma-5 controller."1 We monitored lumen pressure and the signals from the three most distal recording electrodes to ensure that the distal stimulating electrode was correctly positioned just above the aortic valve. After the dog was killed, the correct position of the catheter was verified by opening the LV with the catheter still in place. It was always located along the long axis of the ventricle, with the tip in the apex; it was never kinked or looped.
Protocol. The loading interventions consisted of occlusion and release of either the venae cavae or the pulmonary artery by rapidly inflating and deflating the occluders. Baseline beats were recorded for 5 seconds before the occlusion was applied. The occlusions were held for 20-30 seconds until a steady-state response in the pressures and flows appeared on a slow-speed strip chart recording and then were released with data recording continued until a new steady state was reached. Because a data episode lasted 40-60 seconds, the ventilator was left on throughout each data recording. Typically, two to four vena caval occlusions were performed, followed by two to four pulmonary artery occlusions. Pressures and flows were allowed to stabilize for at least 1 minute between occlusions.
This basic sequence was repeated under three experimental conditions in each dog: 1) control was characterized as reflexes intact with the pericardium partially open; 2) blocked was characterized by autonomic blockade with propranolol (2 mg/kg) and atropine (0.2 mg/kg), with the pericardium partially open; and 3) pericardium fully open was characterized by completely opening the pericardium with a longitudinal incision and suspending the heart in a pericardial cradle. Autonomic blockade was maintained throughout this third condition, as judged by an absence of any heart rate response to acute reductions in mean cardiac output and pressure. It took approximately 30 Hemodynamic Data Analysis Data were recorded on FM magnetic tape (5600C, Honeywell Inc., Fort Washington, Pa.) and later digitized at 200 Hz for computer analysis.
Hemodynamic variables were computed on a beatto-beat basis for all beats within each data episode. Individual beats were identified beginning with LV end-diastole, defined as the onset of rapid LV pressure increase based on the LV dP/dt signal ( Figure  2 ). RV stroke volume was calculated by integrating pulmonary artery flow for each beat, assuming zero flow during diastole. The mean RV output (ml/sec) was calculated as RV stroke volume divided by cycle length.
Mean LV filling (ml/sec) on beat k was calculated as (8a) T(k) is the cycle period (seconds) for beat k. SV1Vf(k)
is LV stroke filling (milliliters) on beat k, defined as SV,v(k) = (1/a) IVes(k)-Ved(k+ 1)1 (8b) Ves(k) is the conductance signal at LV end-systole, defined at the time of minimum LV dP/dtl2 ( Figure  2 ), Ved(k+1) is the conductance signal at LV enddiastole on the next beat, and a is the calibration parameter required to convert the conductance volume change into absolute stroke volume."
To calibrate the conductance signal, we compared LV stroke filling to RV stroke volume (SVNO) obtained from pulmonary artery flow during the initial preocclusion baseline interval of each episode. Under these steady-state conditions, we assume that SVNO(k)=SVI,t(k), so for a single beat 1227 Q1vKk)=Wivf(k)/T(k) a(k)=SVI,fk)/SV,,,(k) (9) Beat-to-beat values of a(k) were calculated and averaged over all the baseline beats in a given experiment to produce a single estimate of a used in that experiment. The observed values of a were 0.92+0.41 (±SD) for the eight dogs. We did not need to correct the conductance signal for the parallel conductance term,13 because the parallel conductance volume drops out in the difference given in Equation 8b.
Statistical Methods
Except where noted, results are presented as mean+±SD.
Acceptance criteria for the parameter estimates. Along with the parameter value itself, the estimation procedure generates an approximate standard error of the parameter estimate. We considered the parameter estimates to have acceptable precision when the magnitude of the standard error was less than one half the magnitude of the parameter estimate (which corresponds to an approximate value of p=0.05). Failure to meet this criterion is interpreted as meaning that there was an unacceptable level of uncertainty in the parameter estimate. A data episode was rejected from analysis if the estimate of either R or C failed this acceptance criterion.
Assessing the quality of model fit. We judged the quality of the model fit by two criteria, the rootmean-square error (RMSE) and the pattern of residuals between the measured and predicted values of mean pulmonary artery pressure.
The RMSE is RMSE=YE[Ppa(k)-Ppa(k)]2/n (10) where Ppa(k) and Ppa(k) are the measured and predicted values of mean pulmonary artery pressure for beat k and n is the total number of beats in the episode. RMSE measures the magnitude of the difference between the measured and predicted values, and thus how closely the model fits the data.
Plotting the residuals against the beat number provides a qualitative assessment of systematic errors in the model. Ideally, the residuals should be randomly distributed with a mean value of zero for all beats. Systematic deviations from this pattern suggest that the model is misspecified.
Hypothesis tests. We sought to answer two questions. 1) Are the estimates of R, C, and r affected by autonomic reflexes that might become activated during the occlusion responses? 2) Are R, C, and r sensitive to the effects of direct ventricular interaction that occurs simultaneously with series interaction?
The experimental design provides three main treatment factors that may be compared: autonomic blockade (absent versus present), method of occlusion (vena caval versus pulmonary artery), and pericardium (partially open versus completely open). Testing whether the parameter estimates were different under the two conditions of autonomic blockade provides the answer to the first question. Testing whether the parameter estimates were different for the two methods of occlusion answers the second question, because both occlusions produce similar responses in mean RV output but opposite changes in RV pressure and volume. To gain further insight into whether the parameter estimates were sensitive to the effects of direct ventricular interaction, we included the pericardium (partially open versus fully open) as an additional factor in the statistical analysis. In normal hearts, the fully intact pericardium augments direct interaction compared with the fully open pericardium.' In addition, in the volume-loaded animal with RV infarction, partial opening of the pericardium along the base of the heart did not alter LV diastolic indexes.14 Even though the pericardial incision along the base of the heart was left open in our experiments, we assume that there was still some pericardial augmentation of the effects of direct interaction under this condition. Thus, we tested the sensitivity of the parameter estimates to direct interaction by also comparing the values observed with the pericardium partially and fully open.
These hypotheses were tested using three-way repeated-measures analysis of variance (ANOVA). In addition to the three main treatment factors described above, interactions between the method of occlusion and autonomic blockade and between the method of occlusion and pericardium were included in the design. We could not include interaction between autonomic blockade and pericardium, because we could not measure the responses with autonomic blockade absent and the pericardium open. We conducted the analysis with the SAS procedure GLM,1s by using the marginal (SAS type III) sums of squares to form the F test statistic.8
Results
An individual data episode was not accepted if the reduction in mean RV output in response to the occlusion was less than 5% of its baseline value, because the changes were too small to permit reliable estimates of R and C. In addition, all the responses to pulmonary artery occlusion were rejected in one dog (No. 187) because of an inability to maintain a stable pulmonary artery flow signal when the artery was occluded. Eliminating these episodes left a total of 136 from the eight dogs that were fit to the model. Of these 136 episodes, 110 (81%) met the acceptance criteria for the estimates of R and C and form the basis for the analysis; the remaining 26 episodes will be discussed separately.
Hemodynamic Responses
Typical responses to vena caval and pulmonary artery occlusion are shown in Figures 3 and 4 mean pulmonary artery pressure, and -53% versus -34% for mean left atrial pressure. Autonomic blockade and complete opening of the pericardium did not have a large effect on the magnitude of these hemodynamic variables. The only significant changes were a small increase in mean left atrial and LV diastolic pressures after autonomic blockade and a slight reduction in these pressures after opening the pericardium (p<0.05). In addition, peak RV pressure decreased after autonomic blockade and increased after opening the pericardium (p<0.05). Autonomic blockade also stabilized the heart rate. To demonstrate this effect, we computed the change in heart rate between the preocclusion baseline beats and the maximum occlusion response beats for each separate episode. Before blockade, the average change in heart rate during the occlusion was 3.4±+7.5 beats/min (n=37). After blockade, this was reduced to 0.2+2.9 beats/min (n=73).
Parameter Estimates
Typical responses in mean flow and pressure used to estimate the parameters are shown in Figure 5 .
The average values of R and C were 0.14±0.08 mm Hg sec/ml and 4.81+3.17 ml/mm Hg, respectively, for the 110 accepted episodes. Table 2 lists the mean values of R and C for each level of the main factors used in the three-way ANOVA comparisons. None of the main effects were significant (p>0.10) for R or C. Thus, the parameter estimates were not sensitive to the method of occlusion, autonomic blockade, or complete opening of the pericardium.
The interaction terms included in the ANOVA model test whether the effects of autonomic blockade and completely opening the pericardium differed for vena caval versus pulmonary artery occlusions. The former interaction is of interest because there were smaller hemodynamic changes in response to pulmonary artery occlusion compared with vena caval occlusion. This difference could lead to a blunting of any reflex-mediated effects on the parameter estimates, should they actually be important. The latter interaction is of interest because, if our assumption is correct that some pericardial augmentation of direct interaction existed when the pericardium was only partially open, then if the parameter estimates are sensitive to the effects of direct interaction, a comparison between the methods of occlusion would be affected by whether the pericardium was completely opened. For the estimates of C, neither of these interaction terms was significant (p>0.50). For R, both interaction terms were significant (p<0.001). However, the magnitude of both interaction effects on R was only 0.003 mm Hg * sec/ml, which is very small (less than 4% of the average value of R). Thus, the estimates of R were, for practical purposes, also insensitive to these interaction effects.
These results demonstrate that the estimates of R and C were not affected by autonomic reflexes that may have been activated during the occlusion response or by any effects associated with direct ven- tricular interaction, as indicated by the insensitivity of the parameter estimates to the method of occlusion, as well as to any effects associated with completely opening the pericardium. Both parameters thus quantify only the effects of the pulmonary circulation on series ventricular interaction. Hemodynamic Dependencies of the Parameters It is possible that R and C depend on the mean rate of flow through the pulmonary circulation, the mean blood pressure, or changes in pulmonary blood volume. Therefore, we examined whether R or C depended on the mean rate of RV output, mean b. 
AVpul=s(svrvo-SVlvf)
where the sum is over the beats that composed the transient response to the occlusion. This sum measures the net change in pulmonary blood volume during this transient. The average values of the mean rate of RV output and mean transpulmonary pressure over the preocclusion baseline beats and the magnitude of change in these variables in response to the occlusion (the difference between the preocclusion baseline average and the average value over the maximum occlusion response beats) were examined.
The dependence of R and C on these hemodynamic variables was tested using stepwise linear regression, with either R or C as the dependent variable. To take between-dog variability into account, dummy variables that quantify between-dog differences were forced into the regression ahead of the candidate variables. It was concluded that there was no dependency if the candidate variable did not enter into the regression model at a significance level of p=0. 15 .
A significant (p<0.05) dependence between R and the baseline level of mean transpulmonary pressure was found; otherwise, R was not dependent on any of the remaining variables, and C was not dependent on any of the variables. The linear regression coefficient between R and the baseline level of mean transpulmonary pressure was 0.008 mm Hg* sec/ml. Hence, if the baseline level of mean transpulmonary pressure decreased by 5 mm Hg, then R decreased by 0.04 mm Hg-sec/ml (29% of the average value of R) because of this dependency.
These results show that C remained constant over the full range of hemodynamic conditions imposed. R was not affected by changes in pulmonary blood volume or flow or by acute changes in mean transpulmonary pressure. The observed dependence of R on the baseline level of mean transpulmonary pressure suggests that R depends on the mean transpulmonary pressures. However, this observation might also simply reflect that, with increased R, the mean transpulmonary pressure also tends to be greater.
Time Constant
From the 110 episodes, the average value of the time constant was 0.26±0.15 second. Not surprisingly, analysis of variance showed that, like the estimates of R and C, the time constant was also not sensitive to any of the main treatment factors (p>0.10) or to the interaction effects. In addition, by using an identical stepwise regression procedure as described above for R and C, there were no significant dependencies between any of the hemodynamic variables and the time constant. Therefore, within any given dog, the time constant remained constant, so the response of the pulmonary circulation did not depend on the input from the RV.
Quality of the Model Fit
The RMSE (Equation 10) revealed a close fit of the model to the data. The average RMSE for the 110 episodes was 0.8+0.4 mm Hg, compared with the average control value of mean pulmonary artery pressure of 15.4 mm Hg. In addition, RMSE was not sensitive to any of the main effects or interaction terms in the three-way ANOVA model described in "Methods" (p>0.05), meaning there was an equally good fit of the model to both methods of occlusion and under the different experimental conditions.
The RMSE measures how closely the model fits the data, but this value does not indicate whether there are systematic deviations during part of the interventions. We looked for such deviations by examining plots of the residuals versus the beat numbers. Ideally, the residuals should be randomly distributed with a mean value of zero and constant variance throughout the entire occlusion and release transients. This ideal pattern was observed in 58 (53%) of the 110 episodes. A representative example is shown in Figure 6 .
The remaining 52 episodes showed some systematic deviation from this ideal pattern in the residuals. Figure 7 is representative of 49 of these 52 episodes, with the residual pattern showing that the model solution for mean pulmonary artery pressure overshoots the measured values during the occlusion steady state. However, the actual differences between the measured and predicted values of mean pulmonary artery pressure were small. To show this, we averaged this residual difference over just the beats that composed the occlusion steady state in each of these 52 episodes. The median of these values was 0.7 mm Hg, with a range of -1.7 to 3.8 mm Hg. This median residual value is less than 20% of the average changes in mean pulmonary artery pressure caused by the occlusions. Thus, although in these particular episodes the residuals were not ideally distributed, the actual magnitude of the difference between the measured and predicted responses during the occlusion was relatively small. Taking both RMSE and the residuals into account, we conclude that the model was capable of fitting, to a reasonable first approximation, both the magnitude and the timing of the transient responses and so provides a good dynamic model of series ventricular interaction.
Predictive Capability of the Model
A stringent test of any model is its ability to predict events not used to define the model or Figure 6 . Instead, thepredicted response exceeds the measured response during the occlusion steady-state interval. This type of pattem was observed in 49 episodes. Numbers in parentheses identify data sets being displayed.
applied and released in a repetitive and partially overlapping fashion. The length of these episodes was 40-60 seconds. These data were not used to estimate values of R and C. The model equations were rearranged to express mean LV filling as a function of mean RV output and mean pulmonary artery and left atrial pressures (see "Appendix"). For each dog, single estimates of R and C were obtained by averaging their values from all the episodes used for parameter estimation, and the beat-to-beat responses of mean LV filling were predicted for the episodes with combined vena caval and pulmonary artery occlusions (Figures 8 and 9 ). The agreement between measured and predicted values was excellent. For a total of 22 episodes from the four dogs, the average residual difference (RMSE) between the measured and predicted values of mean LV filling are summarized in Table 3 , along with the average values of mean LV filling from each episode. In some instances (six of the 22 episodes), the measured and predicted values became offset from one another through part of the episode, although the predicted values still followed the dynamic response very well ( Figure 10) By using two-way repeated-measures ANOVA, RMSE was not affected by autonomic blockade or opening of the pericardium (p>0.50). Hence, the predictions were equally good under all experimental conditions. The ability of the model in Figure 1 to predict data not used to derive the parameters greatly improves the confidence we have in this model.
Discussion
This study demonstrates that a three-element, twoparameter model of the pulmonary circulation describes the temporal beat-to-beat relation between acute changes in mean RV output and mean LV filling.
Implications for Ventricular Interaction
The time constant we calculate from the model parameters measures how rapidly a change in mean RV output, measured on a beat-to-beat basis, is transmitted across the pulmonary circulation into a change in the beat-to-beat values of mean LV filling.
We found this time constant to be 0.26+0.15 second. Because the average heart rate was 105 beats/min, the average cycle period (0.57 second) was slightly longer than two time constants. This means that for a single beat change in mean RV input into the pulmonary circulation, close to 90% of that change will appear in the output into the LV on the succeeding beat. Therefore, most of the series effect of a change in mean RV output on the LV will be seen one beat after the initial change in mean RV output. This conclusion agrees with recent reports that pulmonary venous flow5 and transmitral flow16 are reduced one beat after an acute reduction in RV flow. As a result, in efforts to separate the effects of series and direct ventricular interaction in the intact cardiopulmonary system, direct Values are mean±SD; average of values computed for n episodes in each dog. RMSE, root-mean-square difference between measured and predicted values of QM computed separately for each episode; Q1,f, average rate of mean left ventricular filling computed across the entire episode.
*One episode was dropped from dog 181 because of an outlying RMSE value (20.6 ml/sec) that was caused by the occurrence of ectopic beats in that episode. interaction can be treated as occurring on the same beat and series interaction on the next beat after acute changes in RV pressure, volume, and output.
Role of the Pulmonary Circulation in Coupling the RVto the LV From simultaneous measurements of RV and LV stroke volume in conscious dogs, a one-to three-beat delay in the response of LV stroke volume to a change in RV stroke volume has been reported.17"18 Further evidence for rapid series transmission through the pulmonary circulation has been provided by measurements of the arterial to venous transmission times for pressure and flow pulses in the range of 0.90-0.13 second.19-22 These times are for pulse wave transmission through the pulmonary vasculature but are consistent with the time constant we report for transfer of bulk volume from the input to the output sides of the pulmonary circulation.
It has been suggested that the functional role of the pulmonary circulation in coupling the RV to the LV is to ensure that flow and pressure pulses generated by the RV arrive at the LV at the start of the next beat and thereby maintain equilibrium between the two ventricles.1722'23 However, it has also been suggested that the pulmonary circulation functions as a low-pass filter,24 buffering the LV from small beat-to-beat fluctuations in RV output, thereby maintaining steady perfusion of the systemic circulation.18 Our determination that the time constant for the transfer of a change in mean RV output across the pulmonary circulation is approximately one half the length of the cardiac cycle supports the contention that the pulmonary circulation functions to rapidly balance ventricular output when RV output changes.
It is possible that our measurements in the openchest dog with positive pressure ventilation do not reflect exactly the same pulmonary vascular properties that exist in the closed-chest dog with negative thoracic pressures. In addition, our results should not be interpreted to mean that a 1:1 relation, with a one-beat lag, will always exist between RV and LV stroke volume. For instance, during spontaneous respiration, there is a partial decoupling between RV and LV stroke volume caused by the simultaneous effects on the LV of direct diastolic ventricular interaction and systolic afterload changes, both of which exert a significant effect on LV stroke volume under these particular circumstances.25 Therefore, our conclusion that the vascular design of the pulmonary circulation favors rapid (one-beat) series transmission applies specifically to the independent effects of series interaction in the open-chest condition.
Structure of the Pulmonary Model
The specific structure of the model and the magnitude of the parameter estimates provide a quantitative description of the properties of the pulmonary circulation that are most important in determining the series coupling of the RV to the LV. The model we used lumps all the compliance into a single element, like those used previously to describe the pressure-flow relation at the arterial and venous ends of an isolated lobe of the lung in dogs. 26, 27 Multicompartment models having more than one compliant segment with resistances interspersed in between have been used to describe the higher-frequency components of the response to a step change in steady flow perfusion of an isolated lobe28 and to describe the distribution of vascular resistance across the pulmonary circulation.28-30 However, these objectives differ from ours, which was to isolate the vascular properties that determine the input-output characteristics for the transfer of changes in mean blood flow, measured on a beat-to-beat basis.
The general interpretation of the three-element model in Figure 1 has been that C corresponds to the volume capacitance of the central pulmonary microvasculature, which divides resistance into arterial and venous components. 27 We made the assumption that the two resistances in the model are matched. Detailed studies of the resistance distribution across the lobar circulation have concluded that the resistances upstream and downstream from the central capacitance are either equally divided26'3' or favor the upstream side by approximately a 60:40 ratio.30 Therefore, our assumption of equal resistances is not unreasonable.
It is possible that this constraint of matched resistances contributed to the appearance of a nonrandom pattern of residuals in 52 episodes. Unfortunately, testing the parameter estimation routines with the computer simulation showed that our data provided adequate information to recover two, but not three, independent parameter values. In light of this finding, we cannot firmly conclude that the two-parameter, matched-resistance model is "better" than a three-parameter model with unequal resistances. Nevertheless, the small residual errors and either random or near-random pattern of residuals indicates a reasonable, though not perfect, fit of the two-parameter model to the data.
The excellent capability of the model to predict the response of mean LV filling to changes in mean RV output from episodes not used in the parameter estimation procedure is strong evidence in support of this simple model. Furthermore, the interventions used in these episodes (repeated and overlapping caval and pulmonary artery occlusions) differed from those used in the episodes from which the parameter estimates were obtained (single caval or pulmonary artery occlusions). This procedure imposes a rigorous test of the model's predictive capability. The excellent agreement between the measured and predicted values observed under these conditions shows the general utility this model has for predicting the effects of series ventricular interaction on the transient response of the mean rate of LV filling to acute alterations in RV output in the intact cardiopulmonary system.
Limitations of the Experimental Methods
LV stroke filling was calculated from measurements of LV volume by using the conductance catheter. This method has proven to provide accurate measurements of LV stroke volume over a range of hemodynamic conditions, 11, 13, 32 implying that the calibration parameter a remains reasonably constant. In the six dogs in which aortic flow was measured, we compared conductance stroke volume to the integrated aortic flow signal and computed the average change in the value of a between the preocclusion baseline beats and the maximum occlusion response steady-state beats of each data episode. Taking between-dog differences in the average value of a into account, the mean change in a in response to the occlusion was only 6% of its average value. Whatever small effects the hemodynamic changes may have had on the value of a, we conclude that they were not of practical significance.
The effects of series interaction become apparent during the transient periods when LV filling is not in equilibrium with RV output. To measure series interaction, it is therefore necessary to create these transients through acute alterations in RV output. Although, by definition, the transient response in mean LV filling to changes in RV output reflects the effect of series interaction, it is possible that the response in LV filling is simultaneously being affected by other mechanisms as well. The two possible mechanisms that we considered were autonomic reflexes activated during the occlusion transient and direct ventricular interaction.
To determine whether reflex responses mediated by the autonomic nervous system were important, we included measurements before and after the induction of autonomic blockade by using atropine and propranolol. Sensitivity of the parameter estimates to this intervention would be evidence that the beat-tobeat relation between mean flow and pressure at the input and output of the pulmonary circulation is modulated by these reflexes. We did not detect any such sensitivity. Reflex-mediated changes in the heart rate would probably have the most direct influence on this relation, since changes in heart rate can have a direct effect on LV stroke filling. However, although the reductions in mean RV output and pulmonary artery pressure were large enough to activate these reflexes, we did not observe a significant change in heart rate in response to the occlusions under any of the experimental conditions, although the small amount of variability that was observed before blockade was effectively reduced afterward. Although these particular data do not provide conclusive evidence that the estimates are insensitive to reflex changes in heart rate, our results suggest that the parameter estimates were not affected by autonomic reflexes activated during the hemodynamic responses to the occlusions.
Vena caval and pulmonary artery occlusions will introduce similar reductions in the mean rate of RV output while having opposite effects on RV pressure and volume, so the effects of direct ventricular interaction will differ between the two methods of occlusion. With reductions in RV pressure and volume, the LV diastolic pressure-volume curve shifts downward, whereas with increases in RV pressure and volume, the LV diastolic pressure-volume curve shifts upward,33'34 so it is possible that the response of LV filling to a given change in RV output would differ between the two methods of occlusion. Because the estimates of R and C are based on the relation between the temporal changes in mean RV output and mean LV filling, along with the associated mean pressures in the pulmonary artery and the left atrium, the estimates should be different for the two methods of occlusion if the beat-to-beat response of LV stroke filling is sensitive to the effects of direct ventricular interaction. However, we found no significant differences in the estimates of R or C between the two methods of occlusion. In addition, the pericardium augments the effects of direct ventricular interaction.1,35,36 However, fully opening the pericardium to completely remove pericardial constraint did not affect the parameter estimates. Finally, the interaction effect between the method of occlusion and the pericardium, which tests for the possibility that the comparison between the two methods of occlusion was dependent on pericardial constraint, had no practical significance on the estimates of R and C.
A potential drawback to interpreting the effect of the pericardium in these experiments is that the control measurements were made with the pericardium partially open along a 5.1-7.6-cm transverse incision at the base of the heart. The actual quantitative effect of partially opening the pericardium on direct ventricular interaction has not been studied, although a recent report states that partial opening of the pericardium to expose the atria in the volumeloaded heart with RV ischemia does not significantly affect LV diastolic pressure or compliance.14 We cannot definitively rule out the possibility that the pericardial contribution to direct interaction was already eliminated in the control condition because of this partial opening, but because the ventricles were still contained within the otherwise intact pericardial sac, we made the assumption that at least some pericardial augmentation of direct interaction occurred. Even if the pericardial effect was null in the control condition, we have the comparison between vena caval and pulmonary artery occlusion to test for the confounding effects of direct interaction, and this comparison did not yield evidence that the effects of direct interaction were significant.
The conclusion to be drawn from these results is that the measured responses used to estimate the pulmonary vascular parameters were not simultaneously affected by the small amount of variability in the heart rate observed before autonomic blockade or by changes in LV diastolic properties associated with direct ventricular interaction. Therefore, generation of acute transient imbalances between the mean rates of RV output and LV filling either by vena caval or pulmonary artery occlusion provides a relatively simple experimental method to measure the effects of series ventricular interaction in the intact cardiopulmonary system. In particular, the parameter estimates and the time constant derived from them reflect only the vascular properties of the pulmonary circulation, and their values are not confounded by extravascular mechanisms acting simultaneously.
Deleted Episodes
Twenty-six episodes from the eight dogs did not meet our acceptance criteria for the estimates of C, meaning that in these episodes the estimates of C had unacceptably low precision. The estimates of R were also rejected in five of these 26 episodes. In these episodes, either the measurements were in error or the model specification was incorrect for the hemodynamic responses. The occurrence of these 26 episodes was random with respect to the method of occlusion and the experimental conditions (p>O.10 by x2), meaning there was no particular association of this problem with the experimental treatments. In addition, these 26 episodes were distributed between six of the eight dogs. This apparently random occurrence suggests that the problem was with the responses or measurements in those particular episodes, as opposed to improper model specification.
Acceptable parameter estimates were also obtained in each of these six dogs, and it is highly unlikely that the vascular properties measured by these parameters would change in such a random fashion during these experiments. Conclusion
We have validated a simple model in which the dependence of series ventricular interaction on the vascular properties of the pulmonary circulation can be quantitatively measured. The model enables accurate prediction of the beat-to-beat response of mean LV filling to acute changes in mean RV output. Acute vena caval or pulmonary artery occlusions generate the data needed to estimate the parameters for the model, and these values were insensitive to the effects of autonomic reflexes and direct ventricular interaction that might have been superimposed during the transients. Hence, the parameters R and C truly represent the vascular properties of the pulmonary circulation that determine the series coupling of the RV to the LV. Thus, it is possible to quantitatively account for the effects of series interaction on transient changes in LV diastolic pressure and volume in the intact cardiopulmonary system and ultimately separate the effects of series from direct ventricular interaction in the intact circulation.
Appendix
For the model shown in Figure 1 
